Abstract: Croatia produced 21,366 tonnes of dry matter (DM) sewage sludge (SS) in 2016, a quantity expected to surpass 100,000 tonnes DM by 2024. Annual production rates for future wastewater treatment plants (WWTP) in Croatia are estimated at 5.8-7.3 Nm 3 /people equivalent (PE) for biogas and 20-25 kg DM /PE of sewage sludge. Biogas can be converted into 12-16 kWh el /PE of electricity and 19-24 kWh th /PE of heat, which is sufficient for 30-40% of electrical and 80-100% of thermal autonomy. The WWTP autonomy can be increased using energy recovery from sewage sludge incineration by 60% for electricity and 100% of thermal energy (10-13 kWh el /PE and 30-38 kWh th /PE). However, energy for sewage sludge drying exceeds energy recovery, unless solar drying is performed. The annual solar drying potential is estimated between 450-750 kg DM /m 2 of solar drying surface. The lower heating value of dried sewage sludge is 2-3 kWh/kg DM and this energy can be used for assisting sludge drying or for energy generation and supply to WWTPs. Sewage sludge can be considered a renewable energy source and its incineration generates substantially lower greenhouse gases emissions than energy generation from fossil fuels. For the same amount of energy, sewage sludge emits 58% fewer emissions than natural gas and 80% less than hard coal and fuel oil. Moreover, this paper analysed the feasibility of sludge disposal practices by analysing three scenarios (landfilling, co-incineration, and mono-incineration). The analysis revealed that the most cost-effective sewage sludge disposal method is landfilling for 60% and co-incineration for 40% of the observed WWTPs in Croatia. The lowest CO 2 emissions are obtained with landfilling and mono-incineration in 53% and 38% of the cases, respectively.
Introduction
Sewage sludge is a by-product of wastewater treatment plants (WWTP), considered valuable for its content of nutrients and energy but also a potential threat to humans and the environment because of the presence of organic pollutants and heavy metals. Sustainable solutions and the best available techniques for the treatment and disposal of sewage sludge, including recovery of energy and nutrients, are currently being discussed in the European Union (EU) [1] . The situation is particularly urgent in large and densely populated cities, which are producing large quantities of sewage sludge and have limited available surface area for its processing and disposal. The amount of sewage sludge produced in the EU per year was 10 million tonnes in 2008, 11.5 million tonnes in 2015 [2] and is expected to approach 13 million tonnes of dry matter (DM) by 2020 [3] . The quantity of sewage sludge generated in WWTPs is increasing with the progressive expansion of wastewater networks, but also due to population growth and industrial development. After adopting the Directive concerning Urban Wastewater Treatment 91/271/EEC, EU member states agreed to implement primary, secondary, and sewage sludge and waste vegetable oil for generation of syngas, which fuels CHP systems, is also a profitable and clean solution [23] .
Nutrient recovery from sludge dewatering streams and incineration sludge ashes are emerging as promising processes with multiple benefits [24] . The recovery of nutrients from dewatering streams reduces the formation of struvite scale in the equipment and the obtained nutrients are recycled as fertilizers into the agricultural sector. Nutrients' recovery specifically focuses on phosphorus, which is a limited resource. The achievable potential for phosphorus recovery from sewage sludge is estimated at 300,000 tonnes per year in the EU. At the moment, about 25% of the phosphorus is recycled through the application of sewage sludge to soil [25] . However, many of the above mentioned technologies are still in the experimental phase or are not yet feasible. Nutrient recovery from sludge dewatering streams and incineration sludge ashes are emerging as promising processes with multiple benefits [24] . The recovery of nutrients from dewatering streams reduces the formation of struvite scale in the equipment and the obtained nutrients are recycled as fertilizers into the agricultural sector. Nutrients' recovery specifically focuses on phosphorus, which is a limited resource. The achievable potential for phosphorus recovery from sewage sludge is estimated at 300,000 tonnes per year in the EU. At the moment, about 25% of the phosphorus is recycled through the application of sewage sludge to soil [25] . However, many of the above mentioned technologies are still in the experimental phase or are not yet feasible. The impact of the sewage sludge generated in Croatia is minor to the EU. In 2016, the amount of sewage sludge in Croatia was 21,366 tonnes dry matter, which represents less than 0.2% of the total sludge at the EU-28 level (11.5 million tonnes). Following the planned expansion and upgrade of the wastewater treatment system, the amount of sewage sludge could reach 100,000 tonnes by 2024 in Croatia, which would still be less than 1% of the amount generated at EU-28 level. Nevertheless, the EU-28 and Croatia are developing common sewage sludge management and final disposal strategies. In particular, anaerobic digestion for biogas generation, followed by incineration of dried stabilized sludge, and coupled to energy recovery solutions, are gaining much attention, lately. This paper analyses the sludge management and disposal solutions applicable in Croatia. The biogas generation potential from anaerobic digestion and energy recovery from solar-dried and incinerated sewage sludge are discussed, as well as nutrient recovery and greenhouse gas (GHG) emissions from sludge treatment. The paper is organized as follows: Section 2 gives an overview on the wastewater loads and sewage sludge quantities in Croatia and compares Croatia with the sewage sludge management strategies in the EU while giving particular attention to mono-incineration with energy recovery as the emerging solution for final disposal. Section 3 analyses the energy generation potential of biogas and sewage sludge from the existing WWTP in Zagreb and planned major projects in Croatia. The energy balance between thermal drying and incineration of sewage sludge is studied showing the advantages of solar drying. In the end, disposal of incinerated sewage sludge ash and emissions of GHG are discussed. In Section 4, a discussion on the results was conducted, along with the analysis of three potential scenarios in Croatia for sewage sludge management options. Section 5 offers the conclusions of this paper. The impact of the sewage sludge generated in Croatia is minor to the EU. In 2016, the amount of sewage sludge in Croatia was 21,366 tonnes dry matter, which represents less than 0.2% of the total sludge at the EU-28 level (11.5 million tonnes). Following the planned expansion and upgrade of the wastewater treatment system, the amount of sewage sludge could reach 100,000 tonnes by 2024 in Croatia, which would still be less than 1% of the amount generated at EU-28 level. Nevertheless, the EU-28 and Croatia are developing common sewage sludge management and final disposal strategies. In particular, anaerobic digestion for biogas generation, followed by incineration of dried stabilized sludge, and coupled to energy recovery solutions, are gaining much attention, lately. This paper analyses the sludge management and disposal solutions applicable in Croatia. The biogas generation potential from anaerobic digestion and energy recovery from solar-dried and incinerated sewage sludge are discussed, as well as nutrient recovery and greenhouse gas (GHG) emissions from sludge treatment. The paper is organized as follows: Section 2 gives an overview on the wastewater loads and sewage sludge quantities in Croatia and compares Croatia with the sewage sludge management strategies in the EU while giving particular attention to mono-incineration with energy recovery as the emerging solution for final disposal. Section 3 analyses the energy generation potential of biogas and sewage sludge from the existing WWTP in Zagreb and planned major projects in Croatia. The energy balance between thermal drying and incineration of sewage sludge is studied showing the advantages of solar drying. In the end, disposal of incinerated sewage sludge ash and emissions of GHG are discussed. In Section 4, a discussion on the results was conducted, along with the analysis of three potential scenarios in Croatia for sewage sludge management options. Section 5 offers the conclusions of this paper.
Sewage Sludge Management in Croatia

Sewage Sludge Disposal Practices
Sewage sludge is considered a valuable resource because it contains two components that are economically and technically recoverable: energy and nutrients. Old (EU-15) and new EU member states (EU-13) have different strategies regarding sewage sludge management. At present, old member states produce 87.7% of the total quantity of sewage sludge in the EU. Incineration is the second most preferred disposal method in the EU-15 (29.5%), after reuse in agriculture (42.7%) and ahead of landfilling (10.6%), and other methods (17.2%). In the EU-13, incineration is less used (8.3%) with respect to agricultural reuse (41%), landfilling (34.8%), and other methods (15.9%) [2] .
Sewage sludge is comparable to wood biomass in terms of energy content [26] [27] [28] but with higher inorganic (ash) content. The heating value of sewage sludge dry matter is 17-18 MJ/kg for raw sludge (RS), 14-16 MJ/kg for active sludge (AS) and 8-12 MJ/kg for stabilized sludge (SS) [21, 29] .
Sewage sludge thermal treatment methods include: mono-incineration and co-incineration, pyrolysis, gasification, wet oxidation, thermal hydrolysis, hydrothermal carbonization (HTC) and biofuel production by microorganisms. The available methods for thermal treatment of sewage sludge are listed in Table 1 . Pyrolysis of sewage sludge consist of heating of sewage sludge to elevated temperatures, under anoxic conditions. This process removes the organic substance by thermal cleaning and produces bio-oil and biogas with heating values in the range of 30-37 MJ/kg and 15-20 MJ/m 3 , respectively [21] . Gasification converts the carbon content of sewage sludge into syngas by partial oxidation at elevated temperatures with a reducing atmosphere. The syngas is composed of H 2 , CO, CH 4 , CO 2 , N 2 and H 2 O and achieves heating values in the range of 10-20 MJ/m 3 , depending on the type of oxidant [22] . Wet oxidation dissolves the organic content of sewage sludge into H 2 O and CO 2 , in water with oxygen or air as the oxidant, at temperatures between 200 and 300 • C. Wet oxidation is an exothermic process, which can supply process heat. Hydrothermal carbonization is a hydrothermal process that converts the solid fraction of sewage sludge into a char-like product (HTC coal). The reaction is performed at temperatures of around 200 • C and pressures of about 20 bar. After drying, the HTC coal can be used as low-grade solid fuel with heating values of 10-15 MJ/kg [30] .
Incineration of sewage sludge is becoming the fastest growing disposal practice in the EU, with an increase from 19% in 2005 to 26.9% in 2010 [2, 4] and expected to reach 32% by 2020 [3] . Incineration is the main alternative to agricultural reuse, especially where suitable soils for recycling are not available or public disapproval is present. Incineration reduces the mass and volume of sewage sludge, safely destroys harmful pathogens and can be combined with energy recovery systems. Usually, incineration is performed on stabilized and dewatered sludge. Self-sustained combustion of sewage sludge is achieved with DM contents as low as 30%. However, due to a high water content, dewatered sludge has no practical energy value. In thermal power plants and waste incineration plants, sludge needs drying and grinding before co-incineration with lignite, coal, or municipal waste. Dried sludge (90% DM) achieves heating values between 8 and 12 MJ/kg [31] and is also suitable for mono-incineration and cement production. Generally, mono-incineration plants have higher investment costs (between 200 and 400 €/t DM ) than co-incineration plants (between 150 and 300 €/t DM ) [2] .
Sewage sludge incineration is a potential source of harmful substances such as dioxins, furans, and heavy metals which are present both in flue gases and in the residual ash. Incinerated sewage sludge ash (ISSA) needs to be disposed of accordingly because of the presence of heavy metals. Sewage sludge ash is disposed in landfills, used as fertilizer in agriculture (depending on heavy metal content), or raw material for concrete and asphalt production. The main drawback of sludge incineration is that it hinders phosphorus recovery.
Phosphorus recovery from sewage sludge ash is limited only to ashes with high concentrations of phosphorus, like those produced in mono-incineration plants. Phosphorus recovery from diluted ash that is produced in co-incineration plants is not feasible at present. In cement plants, sewage sludge is a source of energy and raw material, but phosphorus remains incorporated in the cement. 
The Public Wastewater System in Croatia
The public water supply system in Croatia has a population coverage rate of 93%, according to the latest published data. Out of 4.285 million inhabitants, the share of population connected to the national water supply system is 84%, while a further 4% have access to local water supply systems. The remaining 12% of the population is using individual solutions for accessing clean drinkable water [35] .
On the other hand, the public wastewater system is less developed. Only 55% of the population uses the public wastewater systems. Large differences are encountered between urban and rural areas. The coverage rate for the public wastewater system is an average 75% in cities with more than 150,000 people equivalent (PE) but only 5% in small towns with less than 2000 PE. The total amount of collected wastewater was 378 million m 3 in 2017: 47% was generated by households, 33% by the industry, and 20% was from rainfall. Out of the total quantity of treated wastewaters, 32% were treated in wastewater plants with preliminary or primary treatment, 60% in plants with secondary treatment and 8% in plants with tertiary treatment, as shown in Figure 2 [36] . 
On the other hand, the public wastewater system is less developed. Only 55% of the population uses the public wastewater systems. Large differences are encountered between urban and rural areas. The coverage rate for the public wastewater system is an average 75% in cities with more than 150,000 people equivalent (PE) but only 5% in small towns with less than 2000 PE. The total amount of collected wastewater was 378 million m 3 in 2017: 47% was generated by households, 33% by the industry, and 20% was from rainfall. Out of the total quantity of treated wastewaters, 32% were treated in wastewater plants with preliminary or primary treatment, 60% in plants with secondary treatment and 8% in plants with tertiary treatment, as shown in Figure 2 [36] . At present in Croatia, wastewater and industrial wastewaters are treated in over 200 WWTPs with a total capacity of 4.1 million PE [35] . More than half of the wastewater and sewage sludge is produced in the four major agglomerations (Zagreb, Split, Rijeka, and Osijek), as shown in Figure 3 .
The ongoing upgrades of the public wastewater system include all larger cities and industrial At present in Croatia, wastewater and industrial wastewaters are treated in over 200 WWTPs with a total capacity of 4.1 million PE [35] . More than half of the wastewater and sewage sludge is produced in the four major agglomerations (Zagreb, Split, Rijeka, and Osijek), as shown in Figure 3 .
The ongoing upgrades of the public wastewater system include all larger cities and industrial areas. In Croatia, 91 agglomerations have wastewater loads larger than 10,000 PE while another 190 agglomerations have wastewater loads in the range between 2000 and 10,000 PE. Following EU directives, secondary wastewater treatment is mandatory to agglomerations larger than 10,000 PE. Furthermore, agglomerations located within ecologically sensitive areas must implement tertiary wastewater treatment, including nitrogen and phosphorus removal. In Croatia, the ecologically sensitive areas are located in the drainage basins of Danube River and Adriatic Sea ( Table 2 ) [37] . Table 2 . Size and number of agglomerations in Croatia. Data from [37] .
Size of Agglomeration
Number Furthermore, agglomerations located within ecologically sensitive areas must implement tertiary wastewater treatment, including nitrogen and phosphorus removal. In Croatia, the ecologically sensitive areas are located in the drainage basins of Danube River and Adriatic Sea (Table 2 ) [37] . 
Sewage Sludge Treatment in Croatia
Over the last decade, Croatia has been producing around 20,000 tonnes of sewage sludge per year ( Figure 4 ). The total quantity of sewage sludge was 21,366 tonnes DM in 2016. The WWTP in Zagreb produces about 70% of the total sludge quantity in Croatia. In the EU, the annual sewage sludge production per population equivalent served by wastewater treatment is between 20 and 35 kgDM/PE [38] , while in Croatia it is 20-25 kgDM/PE [35] .
The quantity of sewage sludge is expected to increase multifold over the next years, following the planned extensive upgrades in the public wastewater system. According to the estimates of the 
Over the last decade, Croatia has been producing around 20,000 tonnes of sewage sludge per year ( Figure 4 ). The total quantity of sewage sludge was 21,366 tonnes DM in 2016. The WWTP in Zagreb produces about 70% of the total sludge quantity in Croatia. In the EU, the annual sewage sludge production per population equivalent served by wastewater treatment is between 20 and 35 kg DM /PE [38] , while in Croatia it is 20-25 kg DM /PE [35] .
The quantity of sewage sludge is expected to increase multifold over the next years, following the planned extensive upgrades in the public wastewater system. According to the estimates of the national water service company [35] , sewage sludge production will surpass 100,000 tonnes DM by 2024.
At present, WWTPs in Croatia have individual approaches to sewage sludge management and disposal. The WWTP Zagreb uses long-term storage as an intermediate solution prior to the construction of a mono-incineration plant. As for the long-term solution, mono-incineration is emerging as the preferred solution. The proposal is to build mono-incineration plants in the four major cities of Croatia (Zagreb, Split, Rijeka, and Osijek), which would incinerate the sewage sludge collected from smaller WWTPs in the surrounding regions. Until then, landfilling, recycling in agriculture, and co-incineration in waste incineration plants and cement factories is the short-term solution.
The practice of sludge recycling in agriculture is recently experiencing increasing public disapproval and will most likely be abandoned in the future. In Croatia, the quantity of sewage sludge used in agriculture was 1290 tonnes DM in 2017, representing 6% of the total quantity of produced sludge. More than 70% of that quantity is mixed with biomass waste (leaves, grass, branches, etc.) and stored for composting before application on land. In Croatia, the application of sewage sludge on land must be in line with specific regulations and standards. Following the guidelines of the Sewage Sludge Directive (86/278/EEC), recycling in agriculture is allowed only for treated and stabilized sludge, while respecting the limit values of concentrations for heavy metals and organic pollutants [39] . At present, WWTPs in Croatia have individual approaches to sewage sludge management and disposal. The WWTP Zagreb uses long-term storage as an intermediate solution prior to the construction of a mono-incineration plant. As for the long-term solution, mono-incineration is emerging as the preferred solution. The proposal is to build mono-incineration plants in the four major cities of Croatia (Zagreb, Split, Rijeka, and Osijek), which would incinerate the sewage sludge collected from smaller WWTPs in the surrounding regions. Until then, landfilling, recycling in agriculture, and co-incineration in waste incineration plants and cement factories is the short-term solution.
The practice of sludge recycling in agriculture is recently experiencing increasing public disapproval and will most likely be abandoned in the future. In Croatia, the quantity of sewage sludge used in agriculture was 1290 tonnes DM in 2017, representing 6% of the total quantity of produced sludge. More than 70% of that quantity is mixed with biomass waste (leaves, grass, branches, etc.) and stored for composting before application on land. In Croatia, the application of sewage sludge on land must be in line with specific regulations and standards. Following the guidelines of the Sewage Sludge Directive (86/278/EEC), recycling in agriculture is allowed only for treated and stabilized sludge, while respecting the limit values of concentrations for heavy metals and organic pollutants [39] . 
Analysis and Results
The Wastewater Treatment Plant Zagreb
The WWTP Zagreb, which is the largest city and capital of Republic of Croatia, has a design capacity of 1.2 million PE and implements secondary wastewater treatment with planned upgrade to tertiary treatment with phosphorus and nitrogen removal. The WWTP Zagreb generates around 15,000 tonnes DM of sewage sludge per year. Sewage sludge is stabilized for a period of 18 days in four AD units with total volume of 35,360 m 3 , shown in Figure 5 . The anaerobic process is enhanced by sludge mixing and heating during mesophilic conditions (37 °C). Sludge stabilization converts around 50% of the organic matter into water, carbon dioxide (CO2), and biogas with a methane content of 60%. The heating value of raw sludge is 13 MJ/kgDM and that of stabilized sludge 9 MJ/kgDM [40] . The average production of biogas is 7.3 m 3 /PE per year and its heating value is 20 MJ/m 3 . Biogas fuels a CHP system with an installed electrical capacity of 2.6 MW, at an electrical efficiency of 38% and a thermal efficiency of 50%. The specific electricity consumption is 30 kWhel/PE and the CHP system supplies around 60% of the electricity to the WWTP. The thermal energy, on the other hand, is used for the heating of AD units. Stabilized sludge is treated with polymers and lime before centrifugal dewatering. The DM content in the dewatered 
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Future Wastewater Treatment Projects
Croatia is considering different management strategies for the treatment and disposal of sewage sludge. Croatia counts 281 agglomerations larger than 2000 PE, with a total population of 3.5 million inhabitants and a cumulative wastewater load of 5 million PE. Larger WWTPs (PE > 80,000) will most likely use anaerobic stabilization with subsequent drying and incineration of sewage sludge. Smaller WWTPs, on the other hand, will choose between several variants. In the first variant, when larger WWTPs are close, transport of sewage sludge is seen as an acceptable solution. Further sludge stabilization is performed at the sites of the larger WWTPs. In the second variant, when larger WWTPs are too distant, transport is not justified, and sludge stabilization is performed at the site of the smaller plant. In this case, sludge stabilization includes homogenization and dewatering, or aerobic processes followed by mechanical drying (thickening and dewatering). Table 3 shows the design hydraulic loads, average physicochemical loads and the expected quantities of the by-products of wastewater treatment in seven selected WWTP projects. These seven WWTPs projects include five major agglomerations with constant wastewater loads and two minor agglomerations with variable wastewater loads due to tourism activity. The specific daily loads are between 90 and 130 L/PE of wastewater, 9 and 11 g/PE of nitrogen, and 1.6 and 2.0 g/PE of phosphorus. The BOD5-to-COD ratio is between 0.4 and 0.5, which is typical for biologicallydegradable domestic wastewaters. In Croatia, the specific annual quantities of sewage sludge and biogas yield are 20-25 kgDM/PE and 5.8-7.3 m 3 /PE. For comparison, in the EU, the specific quantities are 20-35 kgDM/PE [38] and 6.6-9.5 m 3 /PE, respectively [41] . 
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Energy Recovery from Sewage Sludge
Sewage sludge exhibits variable composition and component concentrations. Sewage sludge contains organic substances, heavy metals, pathogens, and nutrients, such as nitrogen and phosphorous. The heavy metals found in sewage sludge are from anthropogenic sources. Manganese, lead, zinc, and copper are among the most represented heavy metals. Table 4 shows the composition of stabilized sewage sludge from the WWTP in Zagreb [42] and a comparison with the average composition of stabilized sewage sludge in German WWTPs [2] . The heating value of the DM is around 10 MJ/kg, which makes sewage sludge a suitable fuel for energy generation. WWTPs produce sewage sludge with DM contents of around 30% and additional drying is necessary for energy recovery in incineration plants.
In Croatia, large WWTPs will be equipped with anaerobic stabilization of sewage sludge in order to produce valuable biogas. The biogas yield is between 190 and 240 Nm 3 /t of organic dry matter (ODM), under optimum anaerobic conditions. Between 45 and 55% of the organic matter is converted into biogas, which reduces the amount of sludge DM by 25-33% [41] . The composition of biogas depends on the conditions of the stabilization process and on the sewage sludge properties. Biogas contains mainly methane and carbon dioxide while water vapour, ammonia, and hydrogen sulphide are present in smaller concentrations. Hydrogen sulphide, ammonia, and water vapour, as well as other corrosive trace elements (siloxanes), are removed from biogas before its use in CHP units. The properties of biogas from WWTPs in Croatia are given in Table 5 . The total wastewater treatment capacity in Croatia is estimated at 4.1 million PE in over 200 WWTPs. The six major WWTPs in Croatia (Zagreb, Split, Rijeka, Osijek, Varaždin, and Velika Gorica) will have an overall capacity of about 2 million PE, after the planned upgrades. The expected annual quantities of sewage sludge and biogas produced in these six WWTPs are 35,000 tonnes DM and 14 million m 3 , respectively. These quantities of sewage sludge and biogas return specific annual production rates of 17.5 kg/PE of sewage sludge and 7.0 m 3 /PE of biogas, on average.
Biogas from anaerobic sludge stabilization is subject to variable composition with methane concentrations as low as 40%. Generally, biogas is used to fuel internal combustion engines. Biogas engines are marketed with capacities in the range between 10 kW el and 5 MW el . They achieve overall efficiencies of up to 90%, whereas the electrical efficiency is 35%, the thermal efficiency 55%, and the losses 10% [41, 43] . Incineration units are not efficient as CHP units. They achieve overall efficiencies of around 80%, where the electrical efficiency is 20% [44] and thermal efficiency 60% [45] .
Taking that the average biogas heating value is 21.6 MJ/m 3 (6.0 kWh/m 3 ), CHP units generate 2.1 kWh el /m 3 of electricity and 3.3 kWh th /m 3 of heat per unit of biogas. The generated electricity is used by the WWTP or fed to the grid, possibly under subsidized tariff systems. Estimates for the total energy consumption in the major Croatian WWTPs are in the range between 0.55 and 0.9 kWh/m 3 of treated wastewater (45-80 kWh/PE). These energy consumptions correspond to WWTPs with secondary wastewater treatment, activated sludge process, and AD of sewage sludge. The electricity consumption is between 0.35 and 0.55 kWh el /m 3 of treated wastewater (30-50 kWh el /PE). The thermal energy consumption is between 0.15 and 0.35 kWh th /m 3 of treated wastewater (15-30 kWh th /PE). Generally, the specific energy consumption of the WWTP decreases as its size and capacity increase.
The major electricity consumers in WWTPs are aeration, pumping, sludge thickening, and dewatering [1] . Taking that the biogas yield is in the range between 5.8 and 7.3 m 3 /PE, the amount of electricity generated from biogas is 12-16 kWh el /PE. Biogas CHP units will supply about 30% of the electricity demand of WWTPs in Croatia. The generated heat, on the other hand, is used for heating of digesters, sludge reactors, and office buildings. In the total amount of CHP heat, 50-60% is high-temperature heat (flue gases temperatures of 450-550 • C) and 40-50% is low-temperature heat (engine cooling fluid temperatures of 80-90 • C). The amount of available biogas heat is 19.1-24.1 kWh th /PE, which results with 80-100% thermal self-sufficiency. For example, the WWTP in Zagreb uses state-of-the-art wastewater technologies and processes, which ensure average autonomies of 60% for electricity and 100% for heat.
Energy recovery of sewage sludge can be performed in mono-incineration or co-incineration plants. In Croatia, mono-incineration plants are expected to dispose the majority of the produced sludge in the future. Energy recovery systems in incineration plants achieve electrical efficiencies of 20% and thermal efficiency of 60%. Sewage sludge with annual production rates of 20-25 kg DM /PE and heating values of 2.5 kWh/kg DM could be converted into 10-13 kWh el /PE of electricity and 30-38 kWh th /PE of heat. In total, biogas and sewage sludge could supply 20-30 kWh el /PE of electricity and 50-60 kWh th /PE of thermal energy to WWTPs, assuming that incineration plants are built at the same location. The energy autonomy of the WWTP would increase to about 60% for electricity and 100% of thermal energy, with excess heat available. Surely, drying of sewage sludge needs large amounts of energy, but the costs can be significantly reduced using solar energy or waste heat.
Drying of Sewage Sludge
Drying of dewatered sewage sludge consumes substantial amounts of heat. The amount of water removed during thermal drying, over a range of dry contents from 30-90%, is 2.2 kg W /kg DM . Since the latent heat of evaporation of water is 2.5 MJ/kg W , drying from 30-90% DM has a minimum energy requirement of 5.5 MJ/kg DM or 1.5 kWh th /kg DM .
However, available drying technologies have higher energy requirements, between 2.9 and 3.6 MJ/kg W per unit of evaporated water. Thus, the thermal energy consumption for drying of sewage sludge to fuel-grade quality is between 1.8 and 2.2 kWh th /kg DM . In addition to heat, the electricity consumption of the drying equipment is between 0.10 and 0.30 kWh el /kg DM .
The energy efficiency between waste heat recovery from sewage sludge incineration and thermal drying is questionable. The energy balance of drying and incineration (Q EB ) can be calculated as the difference between waste heat recovery (Q HR ) and drying energy (Q DE ):
The quantity of recovered waste heat depends on the heat recovery efficiency (η) and the lower heating value of sewage sludge (LHV), which can be predicted from the organic dry matter content (ODM) and the dry matter content (DM 2 ) as proposed by Komilis et al. [46] :
The drying energy depends on the amount of removed water, which can be determined from the dry matter contents before (DM 1 ) and after (DM 2 ) thermal drying. Assuming a specific energy consumption for drying of 3.27 MJ/kg W or 0.9 kWh th /kg W , the drying energy is: Figure 6 depicts the energy balance with respect to the ODM and DM 2 values, assuming an energy recovery efficiency of η = 0.8 and an initial dry matter content of DM 1 = 0.3. It can be seen that the energy balance is negative for sewage sludges with organic matter contents lower than ODM < 0.44, regardless of the dry matter content after thermal drying (DM 2 ). This is the case for digested sewage sludge with low heating values (LHV < 2.6 kWh/kg DM ).
On the other hand, the energy balance is positive over the entire range of DM 2 for sludges with high organic content (ODM > 0.66). This is the case for non-digested sewage sludge with high heating values (LHV > 4.0 kWh/kg DM ). In the range of 0.44 < ODM < 0.57, which corresponds to heating values between 2.6 < LHV < 3.4 kWh/kg DM , positive energy balance is obtained with thermal drying. For example, sewage sludge with ODM = 0.5 (LHV = 3 kWh/kg DM ), is energy-positive with drying to dry matter contents of DM 2 > 0.9. Positive energy balance, not involving thermal drying (DM 2 = DM 1 = 0.3), can be achieved for ODM > 0.57. In this case, sewage sludge achieves self-sustained combustion (LHV > 3.4 kWh/kg DM ) and its water content is evaporated by the produced heat.
The larger WWTPs in Croatia will implement AD technology, thus giving advantage to biogas energy rather than to that of sewage sludge. On the other hand, thermal disposal of digested sewage sludge is encumbered by low heating values (LHV = 2-3 kWh/kg DM ) and high-water contents (70-80%). Thermal drying and waste heat recovery from incineration plants will be necessary prior to thermal disposal of sewage sludge. Recently, solar drying has received increasing attention, although its capacity is much lower than that of conventional drying. In Germany, for example, the annual capacity of solar drying is 350 tonnes of DM on average while fluidized beds, belt drying, and drum drying have capacities between 3000 and 5000 tonnes DM [2] . The solar drying capacity can be increased to around 1000 tonnes DM using waste heat from incineration plants or thermal power plants. Solar drying is performed inside heated and well-ventilated greenhouses [47] . Continuous turning and spreading of sewage sludge is needed to achieve dry matter contents of 75-80%.
The evaporation potential in Croatia is estimated using the Penman-Monteith monthly method [48] . The annual evaporation potential is between 900 and 1500 kg W /m 2 year. When drying sewage sludge from 0.30-0.75 DM content, the necessary water removal is 2 kg W /kg DM . Thus, the specific capacity of solar drying in Croatia is between 450 and 750 kg DM /m 2 year. Table 6 shows the surface requirements for solar drying in the four major WWTPs in Croatia. Despite low production capacities and large space requirements, solar drying is considered sustainable and economical, especially in regions with favourable climate. In Croatia, solar drying of sewage sludge is expected to become an integral part of the future wastewater treatment system. Solar dryers will operate as intermediate stations between WWTPs and incineration plants, providing drying and short-term storage. It is estimated that 50 solar dryers would be sufficient in Croatia. The annual production of sewage sludge is expected to reach 100,000 tonnes DM after the planned upgrades and expansions in the wastewater treatment system. If all of the produced sewage sludge is to be dried in 50 solar dryers, then the surface of one solar dryer should be 3300 m 2 on average. 
Disposal of Incinerated Sewage Sludge Ash (ISSA)
Although the volume of sewage sludge is reduced by 90% during incineration, ISSA is produced as by-product. ISSA contains inorganic compounds such as oxides of silicon (SiO2), calcium (CaO), iron (Fe2O3), aluminium (Al2O3), phosphorus (P2O5), sulphur (SO3), magnesium (MgO), and titanium (TiO), but also unincinerated organic matter in smaller quantities [49] . ISSA can also contain heavy metals in traces, such as Hg, Cd, As, Sb, and Pb. Therefore, ISSA requires appropriate treatment in order to prevent its harmful impact on the environment and human health. ISSA was recently considered as an additional material in the construction industry for concrete and cement [42] , brick and asphalt production, or for the extraction of phosphorus, which is present in mass fraction of up to 10% [31] .
In recent years, several technologies were developed for phosphorus recycling from ISSA, including pyrolytic processes and various wet processes. Pyrolytic processes partially remove metals from ash, but phosphorus remains in the form of insoluble apatite [50] . Apatite cannot be used by plants and has low value as fertilizer. In wet processes, acids or bases are added to ISSA, in order to dissolve phosphorus. Afterwards, phosphorous can be recovered through the precipitation of ammonium, calcium, sodium, iron, or aluminium phosphate, which are compounds identical to the ones found in mineral phosphate fertilizers.
Avoided CO2 Emissions
The avoided CO2 emissions by using sewage sludge as an energy source is analysed for the case of WWTP Rijeka. The annual quantity of sewage sludge produced in WWTP Rijeka is 5120 tonnes DM, with a heating value of around 10 MJ/kg. The energy potential of this quantity of sewage sludge is 14,200 MWh, which exceeds the WWTP's thermal energy demand. Assuming that the electrical and thermal efficiency of the CHP are 30% and 45% [51] , the energy content of sewage sludge could be converted into 4260 MWh of electricity and 6390 MWh of thermal energy. 
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Avoided CO 2 Emissions
The avoided CO 2 emissions by using sewage sludge as an energy source is analysed for the case of WWTP Rijeka. The annual quantity of sewage sludge produced in WWTP Rijeka is 5120 tonnes DM, with a heating value of around 10 MJ/kg. The energy potential of this quantity of sewage sludge is 14,200 MWh, which exceeds the WWTP's thermal energy demand. Assuming that the electrical and thermal efficiency of the CHP are 30% and 45% [51] , the energy content of sewage sludge could be converted into 4260 MWh of electricity and 6390 MWh of thermal energy.
In addition to its energy generation potential, another advantage of sewage sludge energy recovery is the reduction of GHG emissions, when compared against energy generation from fossil fuels. Sewage sludge is of organic origin and, according to IPCC recommendations [52] , can be considered renewable energy source, which means that no direct CO 2 emissions originate from energy generation. However, Chen and Kuo [51] calculated GHG emissions for different sewage sludge management scenarios and obtained 223 kgCO 2eq /t of indirect GHG emissions for incineration process. Therefore, the incineration of 5120 tonnes DM of sewage sludge would generate 1142 tonnes CO 2eq of indirect GHG emissions.
Compared to sewage sludge energy generation, a CHP unit on natural gas would originate around 2700 tonnes of CO 2 emissions for the same amount of electricity and heat (Table 7) . Electricity generation from hard coal in thermal power plants and thermal energy from extra light fuel oil in district heating plants would originate over 5900 tonnes CO 2 of emissions (Table 8) . Taking into account both direct and indirect GHG emissions, energy generation from sewage sludge avoids around 1500 t CO2 if compared to natural gas CHP and 4800 t CO2 if compared to hard coal and fuel oil. Therefore, the reduction of GHG emissions obtained by energy generation from sewage sludge is 58% compared to natural gas and 80% compared to hard coal and fuel oil. Likewise biomass and biogas, sewage sludge is a renewable energy source, which contributes the reduction of GHG emissions and to the fulfilment of international agreements on climate change mitigation. 
Discussion
In Croatia, three scenarios for the management and treatment of sewage sludge can be considered: treatment in mono-incineration plants (TMP), treatment in cement plants (TCP), and the business-as-usual (BAU) scenario. In the BAU scenario, sewage sludge is treated by landfilling. Sludge is landfilled at current landfills and it is assumed that, in the future, it will be landfilled at regional waste management centres. According to [53] , 10 waste management centres are predicted in Croatia, operational by 2023. The TCP scenario considers incineration of sewage sludge in cement plants. At present, cement plants in Croatia treat the refuse-derived fuel (RDF) from waste management centres and could also use the sewage sludge from WWTPs as a fuel and filler in cement production. Only three cement plants meet the necessary requirements for utilization of sewage sludge. The TMP scenario considers four mono-incineration plants in Zagreb, Split, Rijeka, and Osijek. These plants would accept the sewage sludge and utilize it for energy recovery.
The three scenarios consider a total of 281 WWTPs larger than 2000 PE and take into account the costs and emissions from transport, but also the gate-fees for the three scenarios. The gate-fee for mono-incineration is assumed 100 €/t DM [54] and those for co-incineration and landfilling 30 and 62 €/t DM [55] , respectively. The cost of transport is related to the size of the truck (up to 25 t of capacity) and distance between destinations (up to 600 km). Road transport with trucks is considered, whereas the emission levels are estimated from the Bilan Carbone model [56] . Table 9 presents the methodology for the three sludge treatment scenarios.
The three scenarios generate different amounts of CO 2 emissions during sewage sludge treatment and disposal. It was estimated that sewage sludge incineration in cement plants and in mono-incineration plants generates 488.7 kg CO2eq /t DM while landfilling generates 10.8 kg CO2eq /t DM [2] . Table 10 presents the costs and emissions for the three possible scenarios applied to the 281 WWTPs larger than 2000 PE in Croatia. The analysis shows that landfilling (BAU scenario) is the most cost-effective option for sewage sludge management. This is due to lower transport costs, mainly because 10 waste management centres are planned across Croatia, compared against three cement plants (TCP scenario) and four mono-incineration plants (TMP scenario). Moreover, it can also be noticed that the BAU scenario has the lowest emission, especially for smaller WWTPs (<10,000 PE).
However, in the case of larger WWTPs (>150,000 PE), the TCP scenario has the lowest costs while the TMP scenario has the lowest emissions. The lowest costs in the TCP scenario are explained by the low gate-fee for incineration in cement plants while the lowest emissions are explained by the fact that mono-incineration plants are planned near the four largest cities in Croatia, thus reducing sewage sludge emissions from transport. For one part of medium sized WWTPs (15,000-150,000 PE) the BAU scenario is still the one with the lowest costs and emissions. Landfilling of sewage sludge will be banned in all EU countries by 2025. Therefore, thermal treatment methods such as incineration in cement plants or in mono-incineration are emerging as alternative options for sewage sludge disposal, especially for cities generating large amounts of sewage sludge. 
Conclusions
The optimal solution for sewage sludge management depends on the expected quantities and sludge properties, the capital investment, the operational challenges and costs, the ecological and technological constraints, the legal and location restrictions, as well as on the chosen type of application or disposal of by-products. The fastest growing methods for sewage sludge treatment and disposal are anaerobic digestion and incineration. Incineration of sewage sludge has become more interesting lately because it significantly reduces the sludge volume and mass, destroys the harmful substances, and can be coupled to energy recovery systems. Nutrient recovery from wastewater and sewage sludge is also becoming increasingly important. Nutrient recovery from sewage sludge ash is more difficult and feasible only for ash with high concentrations of nutrients.
In Croatia, plans indicate that WWTPS larger than 100,000 PE will use sludge stabilization by anaerobic digestion with biogas production, followed by thickening and dewatering. It was estimated that biogas will supply 30-40% of the electricity needs and 80-100% of thermal energy needs to WWTPs in Croatia. On the other side, final disposal of sewage sludge is yet to be resolved. At the moment, mono-incineration is seen as the most promising technology. Mono-incineration plants are planned in the four major cities of Croatia. Energy recovery from sewage sludge incineration can be feasible if solar drying is used instead of conventional drying techniques. The capacity of solar dryers is estimated between 450 and 750 kg DM /m 2 year in Croatia, while a final dry matter content of 75-80% can be achieved. In that case, biogas generation and energy recovery from sewage sludge could supply 60% of the electricity and 100% of the thermal energy necessary for the operation of WWTPs.
Sewage sludge is of organic origin and is considered emission-neutral, according to IPCC guidelines. Compared to conventional energy generation from fossil fuels, sewage sludge emits 58% less GHG emissions than CHP units on natural gas and 80% less emissions than hard coal power plants and fuel oil district heating systems. This is a significant contribution to climate change mitigation policy and testifies that sewage sludge is a valuable source of renewable energy. Moreover, an analysis of three scenarios (landfilling, incineration in cement plants, and incineration in mono-incineration plants) was performed and showed that business-as-usual (landfilling) is still the cheapest solution, especially for small WWTPs. It should be taken into account that landfilling of biodegradable waste will be prohibited in the EU. Co-incineration and mono-incineration become increasingly interesting for larger WWTPs.
Regarding nutrients' recovery (phosphorus, nitrogen and potassium), effective and feasible techniques are necessary, especially if mono-incineration is to become the principal method for the final disposal of wastewater sludge.
